ABSTRACT: We studied the basic characteristics of temperature and precipitation in different climatic zones of the Tibetan Plateau (TP) from 1961-2005, through statistical and spatial analysis. Over the past 45 yr, annual temperature in the TP increased at a rate of 0.265°C decade -1
INTRODUCTION
The Tibetan Plateau (TP), with the most prominent and complex terrain on the globe and an elevation averaging more than 4000 m above mean sea level (Ma et al. 2009 ), is often called the 'Third Pole', because its geographic significance is akin to that of Antarctica and the Arctic (Qiu 2008) . The TP plays an important role in global atmospheric circulation through orographic and thermal forcing mechanisms (Ye & Gao 1979 , Ye 1981 , Ye & Wu 1998 . The TP, which is considered to be 'the driver and amplifier of global climate change' (Pan & Li 1996) , is the 'start-up region' for climate change in China, as well as for the world (Sun 1996 , Feng et al. 1998 , Yao et al. 2000 .
During the 20th century there was significant change in the climate system of the TP, in the context of global warming (Liu & Ma 1996 , Liu & Hou 1998 , Tang et al. 1998 , Wang & Gong 2000 , Wang et al. 2001 . Temperature analyses show that most of the TP has experienced statistically significant warming since the mid-1950s (Liu & Chen 2000) . During the past 34 yr, the warming amplitude for Mount Everest was distinctly larger and earlier than that for China, as well as globally (Yang et al. 2006) .
Compared to temperature, change in precipitation is much more complex, Du (2004) found that annual precipitation increased over the last 30 yr. Research on tree discs in Dulan, Qinghai Province (Liu et al. 2006) shows that in the 20th century the northeast TP experienced the most precipitation since AD 850. However, Yang et al. (2006) found that over the last 34 yr, trends on the north and south sides of Mount Everest were distinctly different, with increasing precipitation in the north and decreasing precipitation in the south. Based upon annual data obtained from 123 meteorological observatories from 1963 -2003 , Niu et al. (2004 found that the western and southern regions of the Qaidam Basin were centers of drying trends. Lu et al. (2008) selected summer day-by-day precipitation data to ana-lyze the temporal-spatial distribution because summer precipitation accounts for 60-70% of the annual total.
New methods in climate research have recently been applied to the TP. Chen et al. (2006) studied the trend in the potential evapotranspiration (PET) index and found that for the TP as a whole, PET decreased in all seasons and the average annual rate decreased by 13.1 mm decade -1 or 2.0% of the annual total. Climatic regionalization is also an important aspect of the TP. Based on a multivariate analysis of temperature and precipitation records of 2 data sets from the periods 1971 -1980 and 1980 -1989 , Leber et al. (1995 developed a climatic regionalization for the TP. Lin & Zhao (1996) used Rotated Empirical Orthogonal Function (REOF) to obtain 9 precipitation pattern fields while Cai (1998) divided the TP into only 2, a northern and a southern pattern field.
Climate change is expected to drive a series of complex physical, hydrological and ecological changes in the TP. For example, one model shows that if temperature were to increase by 4°C and precipitation by 10%, by the year 2100 mountain vegetation in the southeast TP would become forest-dominated, the total area of alpine meadow and high mountain grassland would decrease by 50%, the vegetation and snow lines would move to higher altitudes, the permafrost would melt, glaciers would shrink and lakes would diminish (Fan et al. 2005) . Another model suggests that enhanced warming would cause a northward shift of the alpine meadow and a reduction in shrub-dominated alpine steppe (Song et al. 2005) . This paper presents the basic characteristics of temperature and precipitation in different climatic zones from 1961-2005 in order to obtain an understanding of the effects of climate change in the 'Third Pole'. The complex topography of the TP makes it difficult to analyze climate change at the scale of the whole region. Therefore, the TP is divided into different climatic zones in order to identify changes more clearly and accurately. Two regionalization methods are used in this study. The first method, based on Lin & Wu (1981) , uses temperature and precipitation as the basic indicators (Table 1 ). The TP is divided into different climatic zones according to (1) the number of days per year on which the average temperature is above 10°C, with average temperature in the hottest month as an auxiliary indicator, and (2) an aridity index (Eq. 1), with annual precipitation as an auxiliary indicator:
DATA SOURCES AND REGIONAL CLASSIFICATION
where K is the aridity index, PET is potential evapotranspiration and P is annual precipitation. Based on the temperature and precipitation indicators, the TP is divided into 11 climatic zones (Table 2, Fig. 1 ). The second method is Empirical Orthogonal Function (EOF) analysis, which reduces the number of dimensions in the climatic system and extracts spatiotemporal patterns in the atmospheric variables (Kim & North 1999 , Dommenget & Latif 2002 , Hannachi et al. 2007 ).
CLIMATIC CHARACTERISTICS OF THE TIBETAN PLATEAU
3.1. Temperature 3.1.1. Annual temperature. Annual temperatures in the climatic zones (Table 2) show considerable diversity, ranging from -3.60°C (Zone 4) to 14.56°C (Zone 11) ( Table 2 ). The geographical distribution of annual temperatures across the TP from coldest to warmest is Zones 4, 6, 8, 3, 2, 1, 10, 5, 9, 7 and 11 ( (Fig. 3) . Although the TP as a whole showed a rise in temperature in the periods 1961-1980 and 1961-2005 , the latter period had higher temperature rise rates than the former, suggesting that the trend was accelerating.
Zones accounted for 12% (Fig. 4) .
Zones and EOF:
Zone 10 had the highest rate of DGR advancement at 3.8 d decade . From the graph of accumulated abnormalities in annual precipitation (Fig. 5) (Fig. 6) . Although the TP as a whole showed a trend of increasing precipitation for spring and winter, the magnitude of the increases in spring (4.79 mm decade (2) whereP (k) is the power spectrum, k is the frequency, .R x is the autocorrelation function, m is the maximum step and W N = e-j (2π /N) , j is an imaginary unit (Huang 2000) .
The results showed that 32 stations were situated within areas with a short precipitation cycle (2 to 4 yr), 11 stations within areas with an 'intermediate' cycle (5 to 8 yr) and 6 stations within areas with a long cycle (>10 yr) (Fig. 7a) . Stations with short and intermediate precipitation cycles were mainly located in the northern TP, including Zones 1, 2, 3 and 5. A difference in the spatial pattern in precipitation cycles between the northern and southern TP was reflected in the EOF mode (Fig. 7b) . One feature of this pattern was also the accentuation of 33°N boundary.
Synthetic temperature-precipitation trend
Based on synthetic analysis of temperature-precipitation, climatic trends in the TP can be divided into 4 categories: warming-wetting, warming-drying, cooling-wetting and cooling-drying. From 1961 to 2005, 46 stations on the TP showed a warming-wetting trend, accounting for 67% of the total stations. The number of stations showing warming-drying and cooling-drying trends was 22 and 1, respectively (no stations exhibited a cooling-wetting trend). A comparison between the 1961-1980 and 1980-2005 data sets shows that in the latter period the warming-wetting percentage increased by 34%, suggesting that the warming-wetting trend will dominate the TP in the future (Fig. 8) .
DISCUSSION AND CONCLUSIONS

Temperature
Over the past 45 yr, annual temperature in the TP rose at a rate of 0.265°C decade and the rate of warming over the last 50 yr is 0.13°C decade -1 . In 'China's National Assessment Report on Climate Change' (PR China 2006), it is estimated that the surface air temperature in China generally rose by 0.22°C decade -1 from 1951-2006. Therefore, the TP, where the rate of temperature increase is higher than at both China and world rates, is one of the more sensitive regions (Yao et al. 2000 , Zheng et al. 2002 .
The rate of temperature increase in winter doubles that of spring in almost Table 4 . Precipitation trends in the TP from 1961-1980, 1980-2005 and 1961-2005 . This is in accordance with Qian & Lin (2004) , who found that the contribution of total number of warm days is attributed to the higher temperature in winter over northern China (Qian & Lin 2004 ).
Precipitation
Over the past 45 yr, annual precipitation in the TP slightly increased at the rate of 8.21 mm decade (annual precipitationred: 1961-1980, green: 1980-2005, blue: 1961-2005) and in climatic zones (transparent columns: 1961-2005 Wei (2003) , in which cycles of 3-5, 8-11 and 19 yr were identified in the TP. The spatial pattern of EOF mode in precipitation trend and precipitation cycle reveals opposite fields between the northern and southern TP, with the boundary along 33°N. This reinforces the conclusion of Liu & Yin (2001) , who found that 33°N is the line of opposite EOF fields of inter-annual variability in summer precipitation. This is the result of different hydrological cycle mechanisms. For the dry climate of the northern TP, strong local evaporation and convective precipitation dominate the area, whereas precipitation in the southern TP is controlled by the Indian monsoon and oceanoriginated moisture (Tian et al. 2001) . The different pattern along 33°N is closely related with the North Atlantic Oscillation (NAO). The upstream westerly winds derived from NAO generate dynamic bifurcation flows reaching 33°N, producing an opposite pattern between the northern and southern TP (Liu & Yin 2001) . Simulations from a global climate model have shown that for most current climate models there is an increase in the TP surface air temperature under enhanced greenhouse gases (Manabe & Broccoli 1990 , Houghton et al. 1996 . Zhang et al. (2004) found that precipitation will have increased by 15% by the year 2080 under the scenario of an annual CO 2 increment of 1%. So the overall temperature-precipitation trend in TP will be warming-wetting, which is thought to result from higher CO 2 concentrations. 
Temperature-precipitation trend
